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Atherosclerosis is a chronic inflammatory disease of the arteries that increasingly threatens human health worldwide as a result of its debilitating, and sometimes lifethreatening, consequences, which include limb ischemia, myocardial infarction, and stroke. Identification of novel therapeutic targets is needed to put the brakes on the global increase in the number of cases of atherosclerosis-related diseases.
Two major factors contributing to the pathophysiology of atherosclerosis are hyperlipidemia and inflammation (1) . Hyperlipidemia, in particular hypercholesterolemia, is regarded as an independent risk factor in the development of ischemic heart disease, including myocardial infarction (1, 2) . Epidemiologic studies have established a strong correlation between elevated total cholesterol levels in serum and morbidity and mortality from myocardial infarction (2) . Elevated numbers of circulating neutrophils and monocytes have also been shown to be predictive of cardiovascular events independent of serum cholesterol levels (3, 4) . Consistent with this, recent data from mouse models has provided evidence of a direct correlation between the number of circulating and lesional neutrophils or monocytes and atherosclerotic lesion size (5, 6) .
In this issue of the JCI, Murphy and colleagues have identified ApoE on hematopoietic stem and multipotential progenitor cells (HSPCs) as part of an ABC transporter-mediated cholesterol efflux pathway and suppressor of proliferation, providing a mechanistic link between hypercholesterolemia, leukocytosis, and the subsequent development of atherosclerotic lesions in mice (ref. 7 and Figure 1 ). These data have the potential to open the door to the development of novel options for treating atherosclerosis.
ApoE controls HSPC proliferation and atherosclerosis development
The most commonly used mouse models of atherosclerosis involve feeding a high-fat diet to mice lacking either ApoE or LDLR. Mice lacking ApoA1 (a major component of HDL) do not develop atherosclerosis, but do manifest hypercholesterolemia. Murphy and colleagues report that Apoe -/-mice fed a high-fat diet responded with pronounced proliferation of HSPCs, neutrophilia, and monocytosis, whereas Ldlr -/-and Apoa1 -/-mice exhibited modest increases in these parameters, suggestive of a specific role for ApoE in suppressing HSPC proliferation (7) .
Subsequent analyses showed that ApoE was expressed on the surface of HSPCs and that its expression was further upregulated after treatment with liver X receptor (LXR) activators (7), which have previously been shown to reduce both HSPC proliferation and atherosclerotic lesion formation (8, 9) . Moreover, Murphy and colleagues determined that HSPCs themselves secreted ApoE, which became anchored to proteoglycans on the cell surface (7) . There it was shown to interact with ABCA1, which transports excessive cholesterol from membranes to nascent HDL particles, and ABCG1, which transports cholesterol to mature HDL particles, thereby controlling intracellular cholesterol levels. The authors then showed that in HSPCs lacking ApoE, cholesterol efflux pathways were disrupted and cholesterol accumulated intracellularly, resulting in increased responsiveness to the hematopoietic growth factors IL-3 and GM-CSF ( Figure 1 ). The net effect was an increase in HSPC proliferation, neutrophilia, and monocytosis, with accelerated atherosclerosis. Thus, a proteoglycan-bound reservoir of ApoE on HSPCs controls their proliferation and circulating leukocyte numbers.
In a therapeutic experiment, Murphy and colleagues injected Apoe -/-mice with cholesterol-poor phospholipid/ApoA-I complexes as cholesterol acceptors, thereby restoring normal HSPC proliferation and reducing the expansion of circulating neutrophils and monocytes (7) . All the data generated by Murphy and colleagues provide convincing evidence of a mechanistic link between hypercholesterolemia and leukocytosis, and indicate that this contributes to the development of atherosclerotic lesions in mice.
Keeping the ill alliance of lipids and leukocytosis in check
To fully appreciate the importance of the data provided in this study (7) and to be able to translate these data into the devel- opment of novel therapeutic interventions, several questions remain to be answered. First, how selective are these mechanisms for hypercholesterolemia-induced leukocytosis? Myeloid cell homeostasis is dysregulated in various pathological conditions, including acute inflammatory processes and neoplastic myeloproliferative disorders. In both these cases, myeloid precursor proliferation is usually increased, but the contribution of ApoE, ABCG1, and ABCA1 under these conditions is unknown. Thus, it should be tested whether interference with ApoE signaling pathways affects HSPC proliferation under conditions other than hyperlipidemia.
Second, how important are other mechanisms regulating myeloid cell homeostasis? Myeloid cell homeostasis is regulated at various levels, including cell production in the bone marrow or in alternative sites such as the spleen (10), mobilization from the bone marrow (which involves signaling via CXCR2 and CXCR4), survival in the circulation, and clearance in the bone marrow or spleen. Additionally, myeloid cell homeostasis is regulated by negative feedback loops involving IL-23 release from macrophages taking up apoptotic neutrophils and monocytes (Figure 1) . Previous work has pointed to the importance of facilitated mobilization, continued proliferation, and prolonged life span for neutrophilia and monocytosis in hypercholesterolemia (6, 11) . Careful dissection of the various mechanisms of leukocytosis under high-fat diet conditions therefore seems warranted.
Finally, how important is the mechanism uncovered by Murphy and colleagues in regulating monocyte accumulation in atherosclerosis? Leukocyte accumulation in an atherosclerotic lesion is determined by the rate of cell recruitment, the extent of cell survival, and the rate of egress from the lesion. The direct correlation between numbers of circulating neutrophils and monocytes and lesion size in mouse models of atherosclero- sis (5, 6) suggests that disruption of myeloid cell homeostasis plays a dominant role in the accumulation of these cells within atherosclerotic lesions. Further support for this idea is provided by observations in mice in which myeloid cell mobilization from the bone marrow and clearance from the circulation is disrupted (12) (13) (14) . Knockdown of CCR2 crucially impairs mobilization of classical monocytes from the bone marrow under inflammatory conditions (12) , leading to reduced atherosclerotic lesion sizes (13) . In contrast, blockade of CXCR4 reduces myeloid cell clearance from the circulation, and the ensuing neutrophilia accelerates atherosclerosis (14) . Compared with single gene deletions, combined deficiency of CCL2 (a CCR2 ligand) and CX3CR1 or of CCR2 and CX3CL1 decreases atherosclerosis, a finding attributed to both attenuation of hyperlipidemia-associated blood monocytosis and accumulation of macrophages in lesions (5, 15) . Additional blockade of receptors for CCL5 to further decrease numbers of circulating monocytes almost fully protects mice against atherosclerosis (5). Thus, while the differential rate-limiting contributions of the individual steps of mobilization, recruitment, and homeostasis remain to be clarified, combined interference with the chemokine system and lipid metabolism via cholesterol efflux pathways may be most effective for controlling leukocyte numbers in peripheral blood and subsequently in atherosclerotic lesions (Figure 1 ).
Toward new avenues for treating atherosclerosis
The findings of Murphy and colleagues (7) have uncovered two new candidate therapeutic targets for the treatment of atherosclerosis: the bone marrow and lipid metabolism. Interfering with leukocyte accumulation in atherosclerosis has previously focused on inhibiting leukocyte recruitment into large arteries (16) . However, targeting cell adhesion molecules has thus far proven unsuccessful, and interfering with chemokines may also impair host defense. In addition, the functions of cell adhesion molecules and chemokines are sufficiently redundant to provide significant robustness to the host defense system; thus, interfering with just one molecule may not be sufficient to yield atheroprotective effects. The work of Murphy and colleagues (7) may shift attention toward the control of leukocyte production and mobilization from the bone marrow. Interestingly, chemokines may not just contribute to mobilization of myeloid cells from the bone marrow, but also synergize with ApoE in the control of HSPC proliferation (Figure 1 ). Several chemokines, including CCL3 and CXCL8, have been shown to suppress HSPC proliferation, and may thus potentially counteract ApoE-mediated induction of hematopoiesis (17) . On the other hand, an increase in levels or an excess of CXCL1 (a ligand for CXCR2) may block the suppressive effects of other chemokines on myeloid progenitor cell growth or directly exert myeloproliferative capacities (17, 18) .
Consistent evidence supports the hypothesis that HDL levels correlate inversely with cardiovascular risk (19) . Numerous approaches to increase HDL levels exist or are in development, including directly or indirectly augmenting ApoA-I levels, mimicking the functionality of ApoA-I with mimetic peptides, and enhancing steps in the reverse cholesterol transport pathway (e.g., via activation of LXR) (19) . However, because of the heterogeneity in HDL particles, the complicated pathways of HDL-mediated cholesterol flux, and the association of HDL with many proteins modifying atherosclerosis, steadystate levels of HDL cholesterol in blood poorly reflect HDL function. HDL particles can affect reverse cholesterol transport and exert other antiinflammatory effects. Despite our considerable understanding of HDL and its metabolism, none of the pharmacological agents tested so far has offered a practical and proven way to reduce cardiovascular events. Furthermore, treatment of Apoe -/-mice with a viral vector encoding ApoE, which lowers total cholesterol while raising HDL, did not affect blood monocyte counts and rather limited their activation (20) , which indicates that the effect of ApoE on HSPCs is likely unaffected and requires more selective or sustained intervention. Thus, the work of Murphy and colleagues (7) highlights pathways that may be useful for more specific targeting in the treatment of atherosclerosis.
